We show that it is possible to associate a de Broglie wavelength to a composite system even when the constituent particles are separated spatially. The nonlocal de Broglie wavelength (A /2) of a two-photon system separated spatially is measured with an appropriate detection system. The two-photon system is prepared in an entangled state in space-momentum variables. It is well known that a de Broglie wavelength can be associated not only to single particles, but also to a multiparticle system. At this point an interesting question arises: is it possible to associate (and to measure) a de Broglie wavelength to a system of macroscopically separated free particles? In this paper we show that, at least for photons, the answer is yes. The experimental results suggest that entanglement is a sufficient condition to define a de Broglie wavelength for a multiparticle system. An entangled two-photon field can be generated by spontaneous parametric down-conversion (SPDC). In the process of SPDC, a pump photon incident upon a nonlinear crystal splits into a pair of photons, usually called signal and idler [6] . There have been numer ous interesting two-photon interference experiments (see for example: [4, 7 -19]. In this paper we focus on an interesting "nonlocal" aspect of entanglement. By modifying the transverse field profile of the pump laser beam in the SPDC process and manipulating the detection system we obtained a fourth-order inter ference pattern of the down-converted photons with periodicity A /2 when the photon pairs are transmitted by two Young's double-slits. Therefore, we are able to measure the de Broglie wavelength of the two-photon 0 9 3 2 -0 7 8 4 7 0 1 / 0 1 0 0 -0 1 9 1 $ 06.00 © Verlag der Zeitschrift für Naturforschung, Tübingen • w w w.znaturforsch.com
It is well known that a de Broglie wavelength can be associated not only to single particles, but also to a multiparticle system. For a system o f N iden tical particles, the resulting wavelength is given by AdB = Aj/iV, where Aj is the de Broglie wavelength associated to the individual constituent particles [1] . Normally, these particles are held together by some kind of binding force as in the experiments done with molecules by Borde et al. [2] and Chapman et al. [3] .
In a recent paper, Fonseca, Monken, and Padua [4] , adapting an original proposal by Jacobson et al. [5] , measured the de Broglie wavelength o f a two-photon wavepacket for which the role of binding is played by entanglement. A Young interference pattern of twophoton wavepackets, which behaved like single enti ties with twice the energy of each constituent photon, was detected. The corresponding wavelength was, of course, half the de Broglie wavelength of a single photon. Although in all measurements there were two photons in the same wavepacket, it was shown in [4] that the measured de Broglie wavelength A or | de pends on the two-photon state. Two or more photons in the same wavepacket do not necessarily interfere as a "bound system". The multiparticle de Broglie wave length is measured only if the composite system as a whole interferes with itself for the formation of the in terference pattern. This will depend on its state at the entrance of the interferometer, on the interferometer one uses and on the detection system. At this point an interesting question arises: is it possible to associate (and to measure) a de Broglie wavelength to a system of macroscopically separated free particles? In this paper we show that, at least for photons, the answer is yes. The experimental results suggest that entanglement is a sufficient condition to define a de Broglie wavelength for a multiparticle system. An entangled two-photon field can be generated by spontaneous parametric down-conversion (SPDC). In the process of SPDC, a pump photon incident upon a nonlinear crystal splits into a pair of photons, usually called signal and idler [6] . There have been numer ous interesting two-photon interference experiments (see for example: [4, 7 -19] . In this paper we focus on an interesting "nonlocal" aspect of entanglement. By modifying the transverse field profile of the pump laser beam in the SPDC process and manipulating the detection system we obtained a fourth-order inter ference pattern of the down-converted photons with periodicity A /2 when the photon pairs are transmitted by two Young's double-slits. Therefore, we are able to measure the de Broglie wavelength of the two-photon In [12] it was shown that the angular spectrum of the pump beam is transferred to the two-photon state generated by SPDC. As a consequence, the probabil ity distribution for two-photon detection P2(xs, x\) re produces the transverse pump intensity profile W (x) in the following way: (Fig. 2, inset) . The pump beam transverse profiles in the x-direction, measured at z -460 mm after the crystal can be seen in Figure 3 F(xs,xj) and G(xs,xi) contain diffraction terms. Both expressions (2) and (3) show that we can obtain fringes with a periodicity corresponding to a two-photon de Broglie wavelength by scanning simultaneously both signal and idler detectors. Our re sults are presented in Fig. 3 (c and d) Fig. 3b [16] .
If the transverse pump profile is the one shown in Fig. 3a , a fourth-order interference pattern with doubled periodicity is obtained by scanning simul taneously the idler and signal detectors in opposite directions with the same step (+£j and -x s, respec tively). This is shown in Figure 4a . However, when we move D\ and D s in the same direction (+x\ and +xs directions) with the same step, no interference pattern is observed (Fig. 4b) . For the transverse pump profile shown in Fig. 3b the results are the opposite. No inter ference pattern (Fig. 4c) occurs when we displace the detectors in opposite directions. The Young interfer ence pattern (Fig. 4d) In [4] , photon pairs were generated collinearly and the fourth-order interference pattern was recorded by displacing the entire "two-photon detector" trans versely to the double-slit plane [4, 15] . The "twophoton detector" collects only those photon pairs that fall in the same spatial region defined by its entrance slit. We regard it as a "local detection system". In the present experiment we measure the de Broglie Wavelength of the biphoton with a "nonlocal detec tion system", since the photons belonging to the same pair fall on different spatial regions defined by the slits of each detector (JD\ and D s) . In [4] , the entan gled photon pairs interfere like a local single entity. In this work the biphoton interferes like a nonlocal sin gle entity. In both cases we measured the de Broglie wavelength of the biphoton: A/2.
Our experimental results show that it is possible to define and to measure the de Broglie wavelength of a system of macroscopically separated photons when they are generated in an entangled state in momentumspace variables. The same should be true for massive particles. We have discussed this possibility in a re cent work [23] . The concept of a nonlocal de Broglie wavelength introduced here is a generalization of the de Broglie wavelength associated to a multiparticle system. It is not necessary for the particles to be phys ically bound together or even localized: entanglement is a sufficient ingredient.
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